I. INTRODUCTION
The modification of magnetic properties of ferro(i)magnetic films (F) by antiferromagnetic films (AF) is of huge physical and technological interest for instance for the development of magnetoresistive (MR) devices like magnetic tunnel junctions (MTJs) [1] [2] [3] [4] . MTJs primarily consist of two ferro(i)magnetic conducting films, which are separated by a non-magnetic insulator. In case both ferro(i)magnetic films are comprised of the same material, it is essential to shift the coercive field of one of the films. The AF/F exchange coupling causing an exchange bias can be utilized to have two different switching fields. Thus, the magnetization of the films can be switched separately and an alternation of the alignment of the magnetization between parallel and antiparallel is possible.
Magnetite (Fe 3 O 4 ) is a promising material for such applications due its half-metallic 5 character and a high spin polarization at the Fermi level. The ferrimagnetic oxide has a high Curie temperature (860 K) and a saturation moment of almost 4µ B . It crystallizes in an inverse spinel structure with a cubic lattice constant of 0.83964 nm at 300 K. Below the so called Verwey temperature T V = 120 K occurs a phase transition, whereby magnetite adopts a monoclinic structure, becomes insulting and its susceptibility changes.
NiO is an antiferromagnetic ionic insulator with a high thermal stability. It is inert against corrosion and has a Néel temperature of T N = 523 K and therefore well suited as exchange bias material NiO crystallizes in a rock salt structure with a lattice constant of 0.41769 nm.
MgO is isostructural to NiO with a slightly larger lattice constant of 0.42117 nm. Hence, the lattice mismatch between NiO and MgO is about 0.8 % while the misfit between Fe 3 O 4
and MgO is about 0.3 % and MgO is apparently well suited as substrate for both.
The AF/F exchange coupling was first reported in 1957 in Co/CoO systems 6 . This pinning effect increases the coercive field of the F film and leads to a shift of the hysteresis loop by a bias field, the so called exchange bias. The pinning effect can be induced by cooling the AF/F bilayer from high temp through the Néel temperature of the AF under the application of a magnetic field.
The exchange bias on Fe 3 O 4 films has been investigated in prior studies, i.e. by using different substrates to change the growth direction of the AF and analyzing the influence of a compensated NiO(001) and a fully uncompensated NiO(111) interface on the exchange bias 7 . The influence of the stacking order was also examined in that study. The stoichiometry of the bilayers were analyzed in − situ by x-ray photoelectron spectroscopy (XPS), while the structural properties were investigated by in − situ low energy electron diffraction (LEED) and ex − situ x-ray diffraction (XRD). The XRD data were evaluated using kinematic diffraction theory.
II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
The sample preparation was carried out in multi chamber ultra high vacuum (UHV) systems with a preparation chamber (base pressure of 10 −8 mbar) and an analysis chamber (base pressure of 10 −10 mbar). The available in − situ characterization methods are low energy electron diffraction (LEED) and x-ray photoelectron spectroscopy (XPS). The XPS system operates with an hemispherical analyzer and an Al K α x-ray anode (1486.6 eV).
To perform reactive molecular beam epitaxy (RMBE) the preparation chamber is equipped with electron beam evaporators for nickel and iron, a heatable manipulator and an oxygen source.
Before film deposition the MgO substrates were annealed at 400
• C in a 10 −4 mbar oxygen atmosphere to obtain well-ordered and clean surfaces as proved by LEED and XPS, respectively. After the preparation of the substrates NiO films were deposited using RMBE at 250
• C in a 10 −5 mbar oxygen atmosphere. Afterwards, Fe 3 O 4 films with constant thickness were grown on the NiO films also via RMBE at 250
• C in a 5×10 −6 mbar oxygen atmosphere.
The thicknesses of the different films were in situ controlled by a quartz crystal microbalance.
Later ex situ XRR measurements were performed to prove the thickness of all films of the samples. Two different series of Fe 3 O 4 /NiO bilayers were grown on MgO(001) supports. In series one the NiO film thickness was modified, while the magnetite film thickness was kept constant. The bilayers of series two has a constant NiO film thickness, while the magnetite thickness was varied.
After each annealing step and each film deposition the samples were transferred to the analysis chamber for in − situ LEED and XPS measurements.
After the sample preparation the samples were exposed to ambient conditions for diverse ex − situ experiments. The film thickness and structure of the films was analyzed by XRR and XRD, respectively. These experiments were carried out at Deutsches ElektronenSynchroton (DESY), Hamburg at PETRA III beamline P08. This is an undulator beamline with a high heat-load double-crystal monochromator and large-offset monochromator to separate the beamline from the adjacent beamline. At the endstation a Kohzu 4S+2D type diffractometer is installed 13 . A Mythen array detector 14 was used due to its higher dynamic range and the capability of creating reciprocal space maps (RSM) within a shorter period of time compared to a point detector.
III. RESULTS
A. In − Situ surface characterization by LEED and XPS LEED experiments were performed at an electron energy of 135 eV. more spots due to the almost doubled lattice constant. In addition, we always observe the
• superstructure. This superstructure is only visible in the case of magnetite 15 , while maghemite has only an quadratic 1 × 1 surface structure.
The XP spectra of the Fe 2p peak region (a) and the Ni 2p region (b) are presented exemplarily in Fig.2 for the same sample. The Ni 2p spectra consists of the Ni 2p 3/2 peak at 854.6 eV and the Ni 2p 1/2 peak at 872.6 eV with their corresponding satellites at about 7 eV higher binding energy. The measured Ni 2p spectra agree well with Ni 2p spectra for crystalline and stoichiometric NiO.
B. Film structure characterization by XRD
The structures of the entire oxide bilayers were analyzed by X-ray diffraction experiments. Hence, the 3D reciprocal space spanned by the MgO substrate is indexed lateral by the MgO(001) surface unit cell while the layer distance has been used for the direction perpendicular to the surface. Compared to the well-known cubic bulk unit cell this surface unit cell has half the size of the bulk unit cell of MgO in vertical direction due to the spacing between (001) crystal planes and is rotated by 45
• in the (001) plane. Thus, compared to the cubic bulk lattice, we use the base vectors a 1 = In addition well-pronounced Laue oscillations with high periodicity can be observed, which indicate well ordered films with homogeneous thickness. The Bragg peaks of NiO are also visible for NiO thicknesses higher than 7 nm. The increasing film thickness of the NiO films can be easily seen by comparing the periodicity of the oscillations and the FWHM of the corresponding Bragg peaks (Fig. 4) NiO film much weaker than the thin NiO films modulate the thick magnetite films in series one. Another feature is that the Bragg peaks and fringes of the thicker magnetite films can hardly be seen. Even the Bragg peak of a 60 nm thick magnetite film is almost not visible.
One exception is the sample with a 37 nm magnetite film, where some weak Laue fringes and a small Bragg peak are observable. However, overall the diffraction signal of the magnetite film is very weak compared to a well-ordered magnetite film. This observation indicates that the quality of the magnetite depends on the NiO film thickness. While small NiO thicknesses barely influence the crystal quality of the magnetite films, a NiO film thickness of 24 nm increases the roughness of the NiO/Fe 3 O 4 -interface .
We have applied full kinematic diffraction theory for analysis of the diffraction data lines in Figs. 4 and 5 in order to determine the structural parameters and to understand deeper the observations described above. The applied approach for the calculations shown in Fig.6 consists of the MgO rock salt substrate, the on top grown NiO with rock salt structure and the subsequently deposited Fe 3 O 4 with spinel structure. In this approach oxygen, Ni and iron ions were primarily arranged in their respective bulk structures and the diffracted XRD specular rod scans were carried out to investigate the whole structure of the samples.
The scans of all films reveal that all NiO films are crystalline and well-ordered. In the first series where the initially NiO film thickness is 3 nm only a weak broad Bragg peak can be observed, however, the strong Laue fringes of the NiO modulate the diffraction signal of the Fe 3 O 4 film. A separate broad Bragg peak of the NiO film is observable at 14 nm and it gets more distinct with increasing NiO film thickness. All NiO films in both series are fully strained with a vertical layer distance of 0.2079 nm and do not relax with increasing film thickness. The interlayer spacing of NiO normal to the surface has become smaller to compensate the tensile strain due to the lattice matching of the film with the surface unit cell of the MgO substrate. This strain should decrease rapidly with the stable formation of dislocation above the critical thickness h c . The critical thickness h c for the formation of misfit dislocations can be calculated using the formula
is the magnitude of the Burgers vector, f = 0.8% is the misfit of NiO,
• is the angle between the dislocation line and the Burgers vector, λ = 45
• is the angle between the Burgers vector and the direction that is both normal to the dislocation line and that lies within the plane of the interface and ν = 0.21 is the Poisson ratio 19 . We obtain a critical film thickness of h c = 39 nm, which means that the NiO film grown for this study are all below this critical film thickness and it is reasonable to observe no strain relaxation at the vertical layer distance. In addition, we like to emphasize that the relaxation process is very slow also for reasonable thicker NiO films 19 .
The determined interface spacings g between the MgO substrate and the NiO film and between the NiO and the Fe 3 O 4 (cf. Fig. 6 
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